We determined the complete nucleotide sequences of the VP4 genes of five bovine rotavirus strains (A5, 61A, A44, B223 and KK3). The deduced VP4 amino acid sequence of strain A5 with G8 serotype specificity is 91.1% identical to that of strain NCDV of the serotype G6, and strain 61A with G10 serotype specificity has a VP4 amino acid sequence (95.2 % identity) similar to that of the UK strain of the G6 serotype. In contrast, the VP4 amino acid sequences of strains A44, B223 and KK3 of the G10 serotype, isolated in Thailand, the U.S.A. and Japan respectively, have very similar sequences to each other, but less similarity (50 to 60 %) to other group A rotavirus strains reported so far. Their VP4 genes are 2352 nucleotides in length and encode 772 amino acids, four amino acids fewer than the VP4 proteins of other animal rotaviruses. Thus, the presence of three different VP4 types (P types) and the independent segregation of G serotype and P type were postulated in bovine rotaviruses by VP4 sequence analysis.
Independent segregation of the VP4 and the VP7 genes in bovine rotaviruses as confirmed by VP4 sequence analysis of G8 and G10 bovine rotavirus strains Koki Taniguchi,* Tomoko Urasawa and Shozo Urasawa Department of Hygiene, Sapporo Medical College, Sapporo 060, Japan We determined the complete nucleotide sequences of the VP4 genes of five bovine rotavirus strains (A5, 61A, A44, B223 and KK3). The deduced VP4 amino acid sequence of strain A5 with G8 serotype specificity is 91.1% identical to that of strain NCDV of the serotype G6, and strain 61A with G10 serotype specificity has a VP4 amino acid sequence (95.2 % identity) similar to that of the UK strain of the G6 serotype. In contrast, the VP4 amino acid sequences of strains A44, B223 and KK3 of the G10 serotype, isolated in Thailand, the U.S.A. and Japan respectively, have very similar sequences to each other, but less similarity (50 to 60 %) to other group A rotavirus strains reported so far. Their VP4 genes are 2352 nucleotides in length and encode 772 amino acids, four amino acids fewer than the VP4 proteins of other animal rotaviruses. Thus, the presence of three different VP4 types (P types) and the independent segregation of G serotype and P type were postulated in bovine rotaviruses by VP4 sequence analysis.
Rotaviruses, members of the family Reoviridae, possess a genome comprising 11 discrete dsRNA segments which are enclosed within a double capsid protein shell. The outer layer is composed of two independent neutralization proteins, VP4 and VP7 (Hoshino et al., 1985; Offit & Blavat, 1986) . Protein VP7 is encoded by segment 7, 8 or 9, depending on the strain, and defines the VP7 or G, serotype (Estes & Cohen, 1989) . The VP4 protein is the product of segment 4, and defines the VP4 type (or P type). VP4 is associated with several important viral properties, such as protease-enhanced plaque formation, growth restriction of fastidious rotavirus strains in tissue culture, haemagglutination, host range and virus virulence.
In human and animal rotaviruses 14 G serotypes have been identified. G1, G2, G3, G4, G8, G9 and G12 have been detected in humans (Kapikian & Chanock, 1990; Urasawa et al., 1990) . G3 is found in a variety of mammals such as humans, monkeys, horses, pigs, dogs, cats and rabbits (Kapikian & Chanock, 1990; . G3, G5, G13 and G14 were isolated from horses (Browning et al., 1991a, b) and G1, G2, G3, G4, G5 and Gll were detected in pigs (Bellinzoni et al., 1990; Ruiz et al., 1988) . G7 was obtained from avian
The nucleotide sequence data reported in this paper appear in the DDBJ, EMBL and GeuBank nucleotide sequence databases under the accession numbers D13392 (strain A44), D13393 (strain KK3), D13394 (strain B223), D13395 (strain A5) and D13396 (strain 61A). species and possibly from a calf (Brfissow et al., 1992; Kapikian & Chanock, 1990) . G1, G6, G8 and G10 were detected in calves (Blackhall et al., 1992; Taniguchi et al., 1991) . In recent studies, however, G6 and G10 have been detected in humans also (Beards et al., 1992; Gerna et al., 1992; Urasawa et al., 1992) .
In contrast, P types have not been well characterized. The presence of at least five P types in human rotaviruses has been noted using serological analysis with antisera against baculovirus-expressed VP4 proteins or VP4 sequence analysis (Gorziglia et al., , 1990a Qian & Green, 1991; Taniguchi et al., 1989) . Among bovine rotaviruses, three or four distinct P types were detected by neutralization tests with viral reassortants (Matsuda et al., 1991 ; Snodgrass et al., 1992) . In both simian and porcine rotaviruses, the presence of two P types has been suggested, based on VP4 sequence analysis (Gorziglia et al., 1990b; Mackow et al., 1988; Nishikawa et al., 1988) . There has been no study of P types in virus strains from other species.
In this study, VP4 of five bovine strains (A5 of G8, and A44, KK3, B223 and 61A of G10) was characterized by sequencing. By comparing these sequences with those of other human and animal rotaviruses published previously, the phylogenetic relationship of the VP4 proteins among human and animal rotaviruses was examined.
Strains of A5, A44 and 61A were isolated in Thailand from calves with diarrhoea (Pongsuwanna et aI, 1990 ; T k CAACTTACGTGACGCCAATT &GTTATGCTGTTAG AAGTC k AAGAG T TGCG AGACCGAATGAAGACAT AATCATA TC AAAGGCATCAC T ATGG AAAGAGGT 800 (10) B223 (10) 97"5 KK3 (10) 95"6 96"0 A5 (8) 56"1 56"3 56"0 NCDV (6) 56"6 56"9 56"6 91"1 61A (10) 54'3 54"9 54"3 75"1 UK (6) 56"0 56"5 56"1 75"6 KU (1) 53"9 54"0 53"9 71"1 DS-1 (2) 54"4 54"5 54"5 71"4 M37 (1) 54"4 54"4 54"0 72'7 K8 (1) 52"3 52"6 51"8 68"8 69M (8) 57"6 58"0 57"1 82"6 RRV (3) 56"2 56'6 56"0 84"7 SA11 (3) 55"1 55"2 54"9 82"9 OSU (5) 55"4 55"3 55"3 81"8 88"0 81"8 82-0 Taniguchi et al., 1991) . Strain KK3, which was isolated from a Japanese cow (Murakami et al., 1983) , was provided by Y. Murakami, National Institute of Animal Health, Kodaira, Japan. Strain B223 was isolated in the U.S.A. (Woode et al., 1983) , and was provided by G. N. Single-shelled particles were purified from tissue culture material by differential centrifugation, treatment with EDTA and CsC1 density gradient centrifugation. ssRNA for sequence determination was obtained by in vitro transcription of the single-shelled particles as described previously (Flores et al., 1982) . The VP4 sequence of transcript ssRNA or of dsRNA (for the 3'-terminal 300 nucleotides) was determined by the dideoxynucleotide chain termination method with reverse transcriptase from avian myeloblastosis virus as described previously (Gorziglia et al., 1986) .
The entire VP4 gene of each of the three G10 bovine strains A44, B223 and KK3 is 2352 bp in length, with a single open reading frame (ORF) beginning with ATG at positions I0 to 12 and terminating with TAG at positions 2326 to 2328 (Fig. 1) . The length of the 3" non-coding region is 27 bases, two bases longer than those of other rotavirus strains reported so far, except for bovine strain C486 (Potter et al., 1987) . Each of their ORFs has the capacity to code for a VP4 protein of 772 amino acids, which is four amino acids fewer than other animal rotavirus VP4 proteins. Calculated Mrs and overall charges, at pH 7'0, of their VP4 proteins are 86619 and 4.65 (for A44), 86491 and 4.63 (for B223) and 86508 and 4"8 (for KK3) respectively. The VP4 genes of strains A5 (GS) and 61A (G10) consist of 2362 nucleotides with 5' and 3' non-coding regions of nine and 25 nucleotides respectively. The genes contain a long ORF of 2328 bases capable of coding for a protein of 776 amino acids, as found in the VP4 genes of the human strain 69M and all the animal strains reported so far, except for a porcine strain, Gottfried (775 amino acids) (Gorziglia et al., 1990b) .
The deduced amino acid sequences of VP4 proteins of the five bovine rotavirus strains were compared with those of the rotavirus strains of human and animal origins (Table 1 and Fig. 2 ). The VP4 amino acid sequence of strain A5 is 91.1% identical to that of strain NCDV (G6), although the degree of similarity is less than is found between strain NCDV and other strains with NCDV-like VP4 Potter et al., 1987) . The strain 61A demonstrates 95.2% and 93"6 % VP4 amino acid identity with strains UK (G6) and B641 (G6) respectively, which have VP4 proteins distinct from the VP4 of strain NCDV. In contrast, the VP4 sequences of strains A44, B223 and KK3, which are highly related to one another, are quite different (only 50 to 60% identity) to those of any other rotaviruses reported previously. In particular, the variations in the region between amino acids 72 and 204 were frequent (similarity was only 18.2 to 22-6 %). Recently, Hardy et al. (1992) also presented the VP4 sequence of strain B223, determined by a different method using PCR, although some discrepancies are found among the amino acids (Fig. 2) .
Four cysteines in VP4 (amino acid residues 216, 318, 380 and 774) are conserved in all rotavirus strains Fig. 1 . Complete nucleotide sequences of the VP4 genes of strains A44, B223 and KK3. The sequence of the A44 VP4 gene is shown in its entirety; for the other two strains only the differences from A44 are indicated. The initiation and termination codons of the single long ORF are both underlined. sequenced (Estes & Cohen, 1989) . In the VP4s of strains A44, B223 and KK3, the cysteine at residue 318 is changed to valine, and two additional cysteines are present at residues 80 and 429 in these three strains. A cysteine at residue 203, which is conserved in most animal strains but absent from human strains, is not
Comparison of the deduced amino acid sequences of the VP4 of 15 representative rotavirus strains including five bovine strains used in this study. The VP4 sequences of strains KU, DS-1, M37, 69M, RRV, SAIl, NCDV, OSU, UK and K8 were previously reported Kantharidis et al., 1988; Mackow et al., 1988; Nishikawa et al., 1988 Nishikawa et al., , 1989a Qian & Green, 1991; Taniguchi et al., , 1989 . B223 # is the VP4 sequence of strain B223 which was described by Hardy et al. (1992) . Dashes are inserted to give maximum sequence alignment. The predicted cleavage sites are shown by arrowheads. The positions of the conserved cysteines (0) and those unique to strains A44, B223 and KK3 (©) are indicated.
found in their VP4s. Two trypsin cleavage sites (arginines at residues 241 and 247) that were identified in the VP4 of strain SAll4fM are conserved at residues 242 and 248 of strains A44, B223 and KK3, although sequence alignment revealed the deletion of two contiguous amino acids in the trypsin cleavage region (Fig. 2) . A third arginine is present at residue 245 within the connecting peptide. The six amino acids of this peptide from strains A44, B223 and KK3 are quite different to those in VP4s from other rotaviruses.
To evaluate the evolutionary relationship of VP4s from different rotavirus strains, a phylogenetic tree was constructed, based on the VP4 sequences of 15 representative strains including the five bovine strains examined in this study (Fig. 3) . The VP4s of rotaviruses were found to form three distinguishable lineages. The first one, which is most distant from the others, includes three G10 bovine strains (A44, B223 and KK3), the second comprises human strain K8 and the third is formed by the numerous other rotavirus strains. The third lineage consists of three distinct groups, the first group including most human strains except 69M and KS, the second comprising bovine strains UK and 61A, and the third containing porcine strain OSU, simian strains RRV and SAll, bovine strains A5 and NCDV and human strain 69M.
The differentiation of rotaviruses into serotypes is based on the arbitrary choice of a 20-fold or greater difference between the homologous and heterologous neutralizing titres of hyperimmune sera (Kapikian & Chanock, 1990) . The serotypes thus determined usually accord with the VP7 (G) serotypes because dominant serotype specificity resides on VP7 and because neutralizing antibody in hyperimmune sera is primarily against VP7. On the basis of cross-neutralization tests using hyperimmune sera, 14 G serotypes have been established. However, heterologous neutralizing activity has been encountered in some combinations of two strains and Fig. 3 . A phylogenetic tree for the VP4 proteins of 15 rotavirus strains. The dendrogram was constructed using the CLUSTAL program developed by Higgins & Sharp (1988) .
their antisera. In particular, one-way heterologous reactivity is thought to be mainly due to the reaction directed against the VP4 which carries the P type. In human rotaviruses, virus strains with amino acid identity of more than 89 % in the VP4 showed similar reactions with polyclonal antisera prepared against baculovirus-expressed VP4 antigens (Gorziglia et al., 1990a) . This degree of similarity can therefore be used to define VP4 (P) types, and the presence of five such types in human rotaviruses has been suggested (Gorziglia et al., 1990a; Qian & Green, 1991; Taniguchi et al., 1989) . Matsuda et aI. (1991) and Snodgrass et al. (1992) identified the VP4 of strains B223 and KK3 as the third P type of bovine rotavirus by serological analyses using viral reassortants. This sequence analysis confirmed their findings; the VP4 amino acid sequences of strains A44, B223 and KK3 demonstrated only 50 to 60 % similarity to those of any other rotaviruses reported so far.
As G1 human strains have one of three different P types, there exist various combinations of VP4 and VP7 serotypes in human rotaviruses. In bovine rotaviruses serological and genetic analyses, in this and previous studies (Hardy et al., 1991 ; Huang et at., 1992; Snodgrass et al., 1990 Snodgrass et al., , 1992 Taniguchi et al., 1991) , demonstrated that there also exist various combinations of G serotypes and P types, showing the independent segregation of VP4 and VP7 genes as follows: (i) many strains, represented by reference strain NCDV (G6 and NCDV-like P), (ii) Japanese strain 0510, U.S.A. strain B641 and reference strain UK (G6 and UK-like P), (iii) Thai strain A5 and Scottish strain J2538 (G8 and NCDV-like P), (iv) Scottish strain CP1 and Thai strain 61A (G10 and UKlike P) and (v) Japanese strain KK-3, Scottish strains E4046 and K2399, Australian strain B-11, U.S.A. strain B223 and Thai strain A44 (G10 and B223-1ike P). In addition, U.S.A. strain WC3 (G6) and Scottish strains 678 (G8) and V1005 (G10) appear to have the fourth bovine P type . Thus, the antigenic properties of bovine rotaviruses are highly diversified.
RNA-RNA hybridization studies demonstrated the close relationships among the bovine rotavirus genomes, regardless of their G or P serotype, although bovine strains with the same G serotype were found to be more genetically related to each other (Matsuda & Nakagomi, 1989; Taniguchi et al., 1991) . Since a variety of combinations of VP7 and VP4 genes were detected in bovine rotaviruses, it is conceivable that although the genetic framework formed by most gene segments is maintained, the VP4 and VP7 genes encoding distinct neutralization antigens may tend to reassort more frequently among the bovine strains. Further surveys on more field bovine strains will be required to clarify whether there is some preference for association between certain VP4 and VP7 genes.
The genetic relationship between human and bovine rotaviruses may be closer than previously expected. It was shown that bovine rotaviruses are related to the human rotaviruses (G2 and G8) with subgroup I specificity (Matsuda & Nakagomi, 1989; Taniguchi et al., 1991) and a bovine G1 rotavirus has been isolated (Blackhall et al., 1992) . In addition, G1, G6 and G10 human rotaviruses were recently detected in Italy, England and Thailand (Beards et al., 1992; Gerna et al., 1992; Urasawa et al., 1992) . The VP4 sequence analysis of these strains would be useful for understanding the relationship between human and bovine rotaviruses.
